YbInCu 4 undergoes a first order structural phase transition near T v =40 K associated with an abrupt change of Yb valence state. We perform ultrafast pump-probe measurement on YbInCu 4 and find that the expected heavy fermion properties arising from the c-f hybridization exist only in a limited temperature range above T v . Below T v , the compound behaves like a normal metal though a prominent hybridization energy gap is still present in infrared measurement. We elaborate that those seemingly controversial phenomena could be well explained by assuming that the Fermi level suddenly shifts up and becomes far away from the flat f -electron band as well as the indirect hybridization energy gap in the mixed valence state below T v .
YbInCu 4 undergoes a first order structural phase transition near T v =40 K associated with an abrupt change of Yb valence state. We perform ultrafast pump-probe measurement on YbInCu 4 and find that the expected heavy fermion properties arising from the c-f hybridization exist only in a limited temperature range above T v . Below T v , the compound behaves like a normal metal though a prominent hybridization energy gap is still present in infrared measurement. We elaborate that those seemingly controversial phenomena could be well explained by assuming that the Fermi level suddenly shifts up and becomes far away from the flat f -electron band as well as the indirect hybridization energy gap in the mixed valence state below T v .
Heavy fermion or mixed-valent systems containing rare earth and actinide elements with partially filled 4 f -or 5 felectron shells are among the most fascinating materials in condensed matter physics. The strong correlation of felectrons and their coupling to the conduction electrons lead to a wide range of exotic phenomena. Depending on temperature the f -electrons show both itinerant and localized behaviors. At high temperatures, e.g. well above the Kondo temperature T K , f -electrons are essentially localized and form local magnetic moments. With decreasing T, the Kondo interaction becomes progressively stronger and it causes the formation of a flat f -electron band near the Fermi level which hybridizes with bands from conduction electrons (c-f hybridization). At T T K , the local moments are well-screened and f -electrons become itinerant. In the mean time a hybridization energy gap develops.
Usually, the temperature-induced crossover between localized and itinerant regimes is continuous, as exemplified by a broad maximum in the T-dependence of susceptibility and a crossover towards coherent transport with significantly reduced resistivity. However, a few intermetallic compounds exhibit discontinuous phase transitions. A notable example is YbInCu 4 which undergoes a first order structural phase transition (T v ) near 40 K [1, 2] . The compound has a face-centered cubic structure as shown in the inset of Fig. 1 (a) . It behaves much differently from other YbXCu 4 series with X=Ag, Au, Cd,, Mg, Tl, and Zn [3, 4] . The transition is accompanied with an abrupt change of Yb valence. In the high temperature (HT) phase above T v , Yb is approximately trivalent which has local magnetic moments and displays a Curie-Weiss susceptibility. While in the low temperature (LT) phase below T v , the Yb valence is reduced to about 2.85 and the moment vanishes suddenly leading to an enhanced Pauli paramagnetic susceptibility [5] . Abrupt changes were also observed in other physical quantities such as electrical resistivity, magnetization, specific heat capacity and nuclear spin-lattice relaxation rate 1/T 1 [6, 7] . The valence transition is similar to the α − β transition of Ce [8] , but it cannot be described by the Kondo volume-collapse model since the volume change is too small (about 0.5%).
It is widely accepted that the disappearance of the local moment below the transition in YbInCu 4 is due to the Kondo screening effect [9] [10] [11] [12] . The Kondo temperature T K , calculated from susceptibility χ(T ) under an impurity limit, increase abruptly from 25 K in the high-temperature phase above T v to over 400 K in the low-temperature phase below T v [13] . Therefore, YbInCu 4 offers an ideal system to study the change of charge excitation properties with different Kondo temperatures or hybridization strengths. Here we report an ultrafast optical pump optical probe measurement on YbInCu 4 . A rapid increase in both relaxation time and amplitude of the ultrafast photoinduced reflectivity with temperature decreasing was observed above T v , which are the characteristic features of typical heavy fermion materials. However, the relaxation time suddenly changed back to a very small value and displayed almost no temperature dependence once below the structural and valence phase transition. It behaves as a typical response of conventional metal as if the hybridization effect suddenly collapses. We further performed optical spectroscopy measurement and confirmed the presence of a large hybridization energy gap arising from c-f hybridization, similar to earlier reports in literature. We address those seemingly controversial phenomena by proposing that, in the mixed valence state below T v , the Fermi level suddenly shifts up and becomes far away from the hybridization energy gap as well as the flat f -electron band.
The high-quality single crystals of YbInCu 4 were grown by InCu flux method [1, 2] and characterized by specific heat and magnetic susceptibility measurements. Abrupt changes of physical properties were observed clearly near 40 K [1] . The specific heat measured in a Quantum Design Physical Properties Measurement System (PPMS) indicates a sharp peak at 40 K as shown in Fig. 1 (a) , yielding evidence for a first order phase transition. The magnetic susceptibility χ as a function of temperature measured also in the PPMS system is displayed in Fig. 1 (b). It shows a Curie-Weiss like behavior at high temperature above the phase transition but drops sharply to a nearly temperature-independent value. A hysteresis in magnetization was clearly seen when cooling down the sample and then warming it up, providing further evidence for the first order phase transition. In the cooling process, the onset of the transition is close to 39 K, while the transition completes at the temperature of 37.5 K, as seen clearly from the inset of Fig. 1 (b). The observations are similar to the published data in the literature. Those characterizations demonstrate the good quality of our single crystal samples.
The transient reflectivity of the compound was measured with a standard pump-probe set up. A Ti:sapphire oscillator was utilized as the source of both pump and probe beams and produces 800-nm laser pulses with 100 fs duration at a 80 MHz repetition rate. The pump beam was modulated with a frequency of 1 MHz and polarized perpendicular to the probe beam. We kept the pump fluence at about 0.8 µJ/cm 2 ,10 times stronger than the probe pulses to minimize the overall heating of the sample. Figure 2 presents the photoinduced (PI) reflectivity on a cleaved YbInCu 4 at a number of selective temperatures. The data were collected when the sample was cooled down from high temperature. A sudden change was found precisely at the phase transition temperature. We checked by changing the fluence of pump beam that the steady-state heating effects can be neglected in our measurement [14] . In Fig. 2 (a) , the quasiparticle dynamics are strongly temperature dependent in the HT phase above T v . The amplitude of the photoinduced reflectivity ∆R/R is substantially enhanced with temperature cooling and the decay time gets much longer at the same time. It is well known that the slowing down of the relaxation at low temperatures is a generic feature of the heavy electron systems [15] . As we shall elaborate below in detail, the observed behavior is indeed due to the enhanced Kondo screening effect. On the other hand, when the temperature drops below T v (e.g. 37 K), the relaxation time suddenly decreases from about hundred of picoseconds to around 2 ps, as shown in Fig. 2 (b) . With further decreasing temperature, the transient reflectivity displayed essentially no temperature dependence. It behaves as a typical response of conventional metal as if the hybridization effect disappeared below T v . The measurement reveals significantly different electronic states above and below T v in YbInCu 4 .
We now make a quantitative analysis of the relaxation of the photo-excited quasiparticles. As shown in Fig. 2 , ∆R/R initially decreases to a maximum then increases back to the equilibrium state, the latter of which can be well described by a single exponential decay ∆R/R = A exp(−t/τ d )+C, where A stands for the amplitude of the photoinduced reflectivity, τ d is the relaxation time of the decay and C is the long lived bolometric signal corresponding to a heat diffusion process that usually takes several nanoseconds. In order to account for the long rise time τ r in HT phase, we fit the photoinduced reflectivity ∆R/R in Fig. 2 (a) by
Here µ(t) is the unit step function and 1-exp(−t/τ r ) is used to describe the rising edge of the photoinduced transient [14] . While below T v we only fit the relaxation decay part since the rising edge is sharp and τ r is constant, as displayed in Fig. 2 (b) . The temperature dependence of the obtained decay time is plotted in Fig. 3 (a) . It is obvious to see that the compound shows totally different behaviors above and below the first-order valence transition temperature. In the HT phase, the relaxation time continuously increases from subpicosecond at 100 K to almost 100 ps at 39 K, but becomes almost temperature-independent at LT phase with τ d ∼2 ps.
The slowing down of the decay time and enhancement of amplitude were widely observed in superconductors and den- sity wave systems near transition temperatures due to the formation of energy gaps in the excitation spectra and were well explained by the so-called phonon bottleneck effect of Rothwarf-Taylor (RT) model [16] . In the heavy fermion systems, the Kondo interaction would lead to the formation of a hybridization energy gap below the coherent temperature, the phonon bottleneck effect was also widely used to explain the substantial increase of the relaxation time and enhancement of amplitude of photoexcited quasiparticle decay process [14, 17, 18] . Nevertheless, different from the phase transitions in superconductors or charge density wave systems, the hybridization of the conduction band and f electrons in heavy fermion systems becomes progressively stronger at low temperature and is a crossover phenomenon rather than a second order phase transition. In this circumstance, the T dependence of the amplitude A(T ) and relaxation time τ d (T ) of the PI reflectivity can be described by the RT model by assuming a constant value of energy gap [14] . Within this mode [14, 19] , A(T ) is given by
and the relaxation time τ d (T ) follows that
where n T represents the density of thermally excited quasiparticles which is related to the energy scale of the hybridization gap E g . Γ, δ, are all fitting parameters that are independent of temperatures. We find that τ d (inset of Fig. 3 (a) ) and A ( Fig. 3 (b) ) follow Eq.2 and Eq.1 in the HT phase quantitatively and the gap energy is determined to be E g ≈300 K.
To further clarify the difference between electronic states above and below the structural and valence phase transition, we also performed excitation intensity dependent studies of the relaxation dynamics with an excitation fluence(F) ranging from 0.4 to 9 µJ/cm 2 as shown in Fig. 3 (c) and (d). In the HT phase, the transient amplitude is fitted well by A ∝ √ 1 + cF-1, a formula derived from Rothwarf-Taylor model [14] , with c =0.4. τ −1 shows a linear F-dependence at T=42K, also matching the RT model's deduction. Similar behaviors of A(F) and τ −1 (F) have been observed in many other heavy fermion systems like YbAgCu 4 , SmB 6 as described by [14] . On the other hand, in the LT phase (T=20K), A exhibits linear Fdependence while τ −1 is basically independent of F. Such fluence dependent properties for A and τ −1 at low temperatures are common features of normal metal like Ag and Au which can be well explained by considering both the electronelectron and electron-phonon thermalizations (two temperature model) [15, 20, 21] . The above study on the relaxation dynamics of photoexcited quasiparticles seems to suggest that the c-f hybridization exists only in a limited temperature range above the structural phase transition but collapses below the Yb valence transition. However, this conclusion is in contrast to the experimental fact that the YbInCu 4 is in the mixed valence state below T v with much higher Kondo temperature where even stronger hybridization effect is expected. To demonstrate whether the hybridization energy gap really exists below T v in the present compound, we further performed optical reflectance measurement over broad energy scale from about 50 cm −1 to 45000 cm −1 in Bruker 80 v and grating-type spectrometers, and extracted optical conductivity through Kramers-Kronig transformation of reflectance data. The reflectance and conductivity spectra at several selected temperatures were presented in Fig.4 (a) and (b) . A dramatic change over broad energy scale was observed in conductivity spectra when the sample is cooled through the phase transition temperature. A pronounced peak near 1800 cm −1 was present at low T phase. The observations are similar to the published data in the literature [9, 22, 23] .
One has to reconcile the observation in ultrafast quasiparticle relaxation dynamics with that in the infrared spectroscopy measurement. A naive picture is that the heavy fermion prop-erties arising from the c-f hybridization exists only in a limited temperature range above T v . Below T v , the c-f hybridization effect really disappears. Then, the sudden change of the optical conductivity over broad energy scale would be caused by the band structure reconstruction after the first order structural phase transition. The pronounced mid-infrared peak would reflect a new interband transition after the band reconstruction and is not relevant to the c-f hybridization. However, this possibility is unlikely since many other measurements actually demonstrate that the compound is in mixed valence state where stronger hybridization effect is present below T v . A more plausible picture is that the pronounced midinfrared peak in the optical conductivity spectrum below T v indeed reflects the strong c-f hybridization effect in the mixed valence state and is an indication of hybridization energy gap as suggested in earlier studies. Then we need to understand why the ultrafast quasiparticle relaxation dynamics resembles very much to that in a normal metal? We find that the experimental observations could be well explained by assuming that, in the mix valence state below T v , the fermi level suddenly shifts up and becomes far away from the flat f -electron band arising from the Kondo interaction or c-f hybridization based on the periodic Anderson lattice model (PAM) [9, 12] .
As shown in Fig. 5 , the Kondo interaction or c-f hybridization would lead to the formation of a hybridization energy gap in k-space with a direct gap of ∆ dir = 2V, where V is the hybridization strength in PAM. Meanwhile, an indirect gap would appear in the density of states. It has much smaller energy scale with the order of T K . The infrared spectroscopy detects the direct hybridization energy gap. In the heavy fermion state, the hybridization is relatively weak (with smaller T K ), the Fermi level is very close to the flat band, giving rise to the heavy effective mass. This is the situation for T > T v in the present case as illustrated in Fig. 5 (a) . Since the measurement temperature is higher than T K , the hybridization energy gap feature is not visible in infrared measurement. We find that the ultrafast photoexcited quasiparticle relaxation dynamics is more sensitive to the hybridization effect. Upon a sudden change of Yb valence state below T v , as shown in Fig. 5 (b) , the Kondo temperature T K abruptly increases, resulting in an enhanced indirect hybridization energy gap. Moreover, the Fermi energy shifts up due to the increased filling of Yb f-electrons. Therefore, the Fermi level is away from the flat f -electron band as well as the indirect energy gap. As a result, the charge carriers near the Fermi level have much smaller effective mass and behave more like normal conduction electrons. The photoexcited quasiparticles would decay via electron-electron and electron-phonon thermalizations without being impeded by a gap. Nevertheless, a larger direct hybridization gap ∆ dir could be probed by infrared spectroscopy.
In conclusion, we performed ultrafast pump probe measurements on YbInCu 4 single crystals and found that the heavy fermion characters exist only in a limited temperature range above the structural and valence phase transition. A rapid increase in both relaxation time and the amplitude with temperature decreasing was observed in the ultrafast photoinduced reflectivity dynamics above T v . However, the relaxation time suddenly changed back to a very small value and displayed no temperature dependence once below T v . The compound behaves like a normal metal though a prominent hybridization energy gap is still present in optical conductivity. We addressed those seemingly controversial phenomena and elaborated that the experimental observations could be well explained by assuming that the Fermi level suddenly shifts up and becomes far away from the flat f -electron band as well as the indirect hybridization energy gap below T v .
